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A B S T R A C T   
In this work we report a new Hg(II) coordination compound [Hg(HL)(SCN)2], which was readily obtained from 
a mixture of Hg(SCN)2 and N’-(1-(pyridin-2-yl)ethylidene)nicotinohydrazide (HL). The metal cation is chelated 
by the organic ligand in a N,N’,O tridentate manner through the 2-Py and amide nitrogen donors, and carbonyl 
oxygen atom. The coordination sphere is filled by the sulfur donors of two thiocyanate anions, thus yielding a 
pentacoordinated geometry, which is best described as being about 64% along the pathway of distortion from the 
ideal square pyramidal toward trigonal bipyramidal structure. In addition, the metal center forms two types of 
the Hg⋯N spodium bonds, which are formed with the 3-Py nitrogen atom of a symmetry related molecule and 
with the nitrogen atom of one thiocyanate ligand of another molecular unit. These Hg⋯N spodium bonds enlarge 
the coordination environment of the metal cation in between a capped trigonal prism close to pentagonal 
bipyramid. In addition a 1D zig-zag-like polymeric chain is formed, which is further reinforced by bilateral 
C–H⋯O hydrogen bonds. These chains are interlinked through N–H⋯N hydrogen bonds and additionally glued 
by π⋯π interactions between the 2-Py rings. Thus, considering all the Hg⋯N spodium and N–H⋯N hydrogen 
bonds, a supramolecular 2D layer is formed with a binodal 3,4-connected hcb topology. The 2D layers are 
interlinked through a myriad of π⋯π interactions. According to the Hirshfeld surface analysis, the crystal packing 
of [Hg(HL)(SCN)2] is mainly characterized by intermolecular H⋯H, H⋯C, H⋯N and H⋯S contacts comprised 
from 15.9 to 22.3%, followed by less significant H⋯O, C⋯C, C⋯N, N⋯S and Hg⋯N contacts comprised from 2.8 
to 6.3%. The intermolecular H⋯C, H⋯N, H⋯O, H⋯S and C⋯C contacts are highly favoured in the molecular 
surface of [Hg(HL)(SCN)2], while the N⋯S contacts are less favoured, and remaining contacts are significantly 
impoverished. Finally, density functional theory (DFT) calculations at the PBE0/def2-TZVP level of theory have 
been used to evaluate and characterize the Hg⋯N spodium bonds, including molecular electrostatic potential 
(MEP), quantum theory of atoms in molecules (QTAIM) and noncovalent interaction plot (NCIPlot) computa-
tional tools.   
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1. Introduction 
Nowadays, non-covalent interactions are of great interest and have 
attracted a particular interest from researchers due to their crucial role 
in many fields of chemistry [1–4]. These interactions are responsible for 
the formation of a molecular cluster from either atoms or parent mole-
cules without formation or breaking of covalent bonds. Non-covalent 
interactions were first discovered by J.D. van der Waals [5] and their 
importance in living beings is clearly manifested by the double helix 
structure of deoxyribonucleic acid (DNA) [6,7]. Although a broad va-
riety of non-covalent interactions are recognised, of which hydrogen 
bonding and π⋯π interaction are likely the most well known and widely 
used in molecular chemistry and biology, and particularly in crystal 
engineering [8–26], still new specific non-covalent interactions have 
been discovered and deserved much attention. σ-Hole interactions, a 
specific family of non-covalent interactions, formed between a negative 
site (anion or lone pair of a Lewis acid) and a covalently bonded atom 
[27], are in the limelight of supramolecular chemistry [25–29]. These 
σ-hole interactions, denoted as «spodium bonds», which are attractive 
interactions between electron rich atoms and any element of group 12, 
were recently postulated and legalized [25,30]. Thus, this newly 
discovered type of non-covalent interactions, along with the already 
known and widely utilized non-covalent interactions such as coinage 
bonding, triel bonding, tetrel bonding, pnictogen bonding, chalcogen 
bonding, halogen bonding and nobel gas bonding [25,30], is of impor-
tance and value in the field of coordination chemistry, particularly for 
the formation of coordination polymers (CPs). 
CPs, being constructed from metal ions (nodes) and bridging ligands 
(linkers), yield infinite arrays of different dimensionality [31–36]. As 
such, coordination bonds are a primary driver for the formation of the 
network in CPs, but non-covalent interactions could have a structure- 
guiding role. In this regard, the use of a pronounced soft metal center 
like Hg(II) ion for the formation of CPs is of particular interest since it 
might be involved in spodium bonding, thus, yielding extended struc-
tures with potential new properties. 
With all this in mind and in continuation of our ongoing interest in 
the coordination chemistry of carbohydrazone derivatives as well in 
study the role of non-covalent interactions in the formation of extended 
structures [37–48], we have directed our attention to the N’-(1-(pyridin- 
2-yl)ethylidene)nicotinohydrazide molecule (HL), which is a pincer- 
type ligand. HL belongs to a family of hydrazide derivatives, namely 
N’-(pyridin-2/3/4-ylmethylene)picolino/nicotino/iso-
nicotinohydrazide (HA), N’-(1-(pyridin-2/3/4-yl)ethylidene)picolino/ 
nicotino/isonicotinohydrazide (HB) and N’-(phenyl(pyridin-2/3/4-yl) 
methylene)picolino/nicotino/isonicotinohydrazide (HC) (Chart 1). A 
detailed search in the Crystal Structure Database [49] retrieved 20 
crystal structures of HA [38,44,50–55], 7 of HB [51,54,56,57] and 7 of 
HC [54,56,57] with Hg(II), of which, the great majority corresponds to 
coordination compounds with HgX2 (X = Cl, Br, I). Among these crystal 
structures, three include Hg(SCN)2 with the N’-(pyridin-3-ylmethylene) 
nicotinohydrazide (HA′′), [Hg(HA′′)(SCN)2]2 [44], N’-(1-(pyridin-2-yl) 
ethylidene)isonicotinohydrazide (HB′), [Hg(HB′)(SCN)2] [57], and N’- 
(phenyl(pyridin-2-yl)methylene)isonicotinohydrazide ligand (HC′), 
[Hg(HC′)(SCN)2] [57]. Notably, the organic HB′ ligand in [Hg(HB′) 
(SCN)2] is coordinated in the “parent” zwitterion form, namely 1- 
(pyridin-2-yl)ethylidenepyridin-1-ium-4-carbohydrazonate, with the N- 
protonated 4-pyridyl fragment [57]. 
Therefore, the coordination chemistry of Hg(II) with hydrazide de-
rivatives HA, HB and HC is of interest in order to clarify the interactions 
occurring in the solid state of these compounds. In this work we have 
shed light on the structure-driven non-covalent interactions, including 
spodium bonding, of a new Hg(II) coordination compound, [Hg(HL) 
(SCN)2], which was readily obtained by self-assembly of Hg(SCN)2 with 
HL. The spodium bonding interactions and secondary C–H⋯O hydrogen 
bonds have been evaluated energetically by using DFT calculations and 
characterized by means of the QTAIM and NCIplot index computational 
tools. 
2. Experimental and theoretical methods 
2.1. Physical measurements 
Infrared spectra (KBr pellets) were recorded with a Bruker spec-
trometer in the range 400–4000 cm− 1. Thermogravimetric (TG) analysis 
was performed by using a Perkin Elmer Pyris Diamond TG/DTA in-
strument in a dynamic air atmosphere (100 mL∙min− 1) from 25 to 
950 ◦C with a 10 ◦C min− 1 heating rate. Microanalysis was performed 
using a Thermo Flash 2000 CHNS analyzer. 
2.2. Synthesis 
The synthesis was carried out using a branched tube method [41]. A 
mixture of Hg(SCN)2 (0.158 g, 0.5 mmol) and HL (0.120 g, 0.5 mmol) 
was placed in the main arm of the branched tube, and methanol (25 mL) 
was carefully added to fill the arms. The tube was sealed and immersed 
in an oil bath at 60 ◦C, while the branched arm was kept at ambient 
temperature. After 7 days, yellow plate-like X-ray suitable crystals were 
formed in the cooler arm. Crystals were isolated by filtration, washed 
with acetone and ether, and dried in air. Yield: 0.223 g (80%). Anal. 
Calc. for C15H12HgN6OS2 (557.01): C 32.35, H 2.17 and N 15.09%; 
found: C 32.20, H 2.09 and N 15.16%. 
Chart 1. Diagrams of the N’-(pyridin-2/3/4-ylmethylene)picolino/nicotino/ 
isonicotionhydrazide (HA), N’-(1-(pyridin-2/3/4-yl)ethylidene)picolino/nic-
otino/isonicotionhydrazide (HB) and N’-(phenyl(pyridin-2/3/4-yl)methylene) 
picolino/nicotino/isonicotionhydrazide (HC). 
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2.3. Single-crystal X-ray diffraction 
Cell refinement, indexing, and scaling of the data sets were carried 
out using the Nonius Collect [58] and EvalCCD programs [59]. The 
structure was solved by direct methods (SIR92) [60] and subsequent 
Fourier analyses [61] and refined by the full-matrix least-squares 
method based on F2 with all observed reflections [61]. Hydrogen atoms 
were placed at calculated positions and included in final cycles of 
refinement. 
Crystal data: C15H12HgN6OS2, Mr = 557.02 g mol− 1, triclinic, space 
group P1, a = 8.8425(8), b = 9.0529(6), c = 13.0804(8) Å, α = 72.157 
(5), β = 89.974(5), γ = 62.26(1)◦, V = 869.52(15) Å3, Z = 2, ρ = 2.128 g 
cm− 3, μ(Mo-Kα) = 9.107 mm− 1, reflections: 37,822 collected, 7600 
unique, Rint = 0.030, R1(all) = 0.0443, wR2(all) = 0.1044, S = 1.158. 
CCDC 2033929 contains the supplementary crystallographic data. 
These data can be obtained free of charge via http://www.ccdc.cam.ac. 
uk/conts/retrieving.html, or from the Cambridge Crystallographic Data 
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223–336- 
033; or e-mail: deposit@ccdc.cam.ac.uk. 
2.4. Theoretical methods 
The non-covalent interactions were analyzed energetically using 
Gaussian-16 [62] at the PBE0-D3/def2-TZVP level of theory. The bind-
ing energies have been corrected using the Boys and Bernardi counter-
poise method [63]. The Grimme’s D3 dispersion correction has been also 
used in the calculations [64]. To evaluate the interactions in the solid 
state, the crystallographic coordinates were used and only the position 
of the hydrogen atoms has been optimized. This methodology and level 
of theory has been previously used to analyze non-covalent interactions 
in the solid state [65,66]. The interaction energies were estimated by 
calculating the difference between the energies of the isolated mono-
mers and the ones of their assembly. The QTAIM analysis [67] and 
NCIplot index [68] have been computed at the same level of theory by 
means of the AIMAll program [69]. 
3. Results and discussion 
A one-pot reaction of a mixture of Hg(SCN)2 and a bis-pyridyl organic 
ligand HL in a branched tube apparatus in MeOH at 60 ◦C leads to a 
discrete heteroleptic coordination compound [Hg(HL)(SCN)2] 
(Scheme 1). The complex was isolated as yellow air- and moisture stable 
plate-like crystals in good yield, testifying the reported composition as 
the main final product, which was characterized by elemental analysis, 
IR spectroscopy and single-crystal X-ray diffraction. Its thermal behav-
iour was also studied by the means of TG/DSC analysis. 
The FTIR spectrum of the obtained complex exhibits an intense band 
centered at 2115 cm− 1 corresponding to the CN stretch of the thyio-
cyanate anions (Fig. 1). This band is in the region characteristic for the S- 
coordinated SCN– ions [70]. In addition, the spectrum contains an 
intense band at 1653 cm− 1, characteristic for the C=O group, and a 
broad band after about 3250 cm− 1, corresponding to the NH vibration 
(Fig. 1). The C=O and NH groups in the FTIR specrum of the parent 
ligand HL were observed as an intense band at 1660 cm− 1 and a broad 
band at about 3205 cm− 1 (Fig. 1). 
According to the TG/DSC analysis, complex [Hg(HL)(SCN)2] melts 
at 187 ◦C followed by decomposition in three gradual steps (Fig. 2). The 
first step, most likely, corresponds to the loss of HL, and the next 
decomposition steps are due to the decomposition of mercury 
thiocyanate. 
Compound [Hg(HL)(SCN)2] crystallizes in triclinic space group P1 
and its asymmetric unit consists of one complex molecule [Hg(HL) 
(SCN)2] (Fig. 3). The metal is coordinated by the tridentate N,N’,O do-
nors of the pincer type chelating HL and by the sulfur donors of two 
thiocyanate anions. The Hg–S bond distances are of 2.4234(16) and 
2.4100(17) Å, while the Hg–N and Hg–O bond lengths are remarkably 
longer in the range 2.574(3)–2.649(3) Å, with the following trend 
Hg–N2-Py <Hg–N(N) < Hg–O (Table 1). Thus, the coordination sphere of 
the metal ion forms a pentacoordinated geometry, which is best 
described as being about 64% along the pathway of distortion from the 
ideal square pyramidal toward trigonal bipyramidal structure as evi-
denced from the so-called τ5-descriptor (Table 1) [71,72]. The C–S and 
C–N bond lengths within the SCN– anions are pairwise very similar and 
typical for the single and triple bonds, respectively (Table 1). Notably, 
both thiocyanate ligands are almost linear with an average S–C–N bond 
Scheme 1. Synthesis of [Hg(HL)(SCN)2].  
Fig. 1. FTIR spectra of HL (black) and [Hg(HL)(SCN)2] (red).  
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angle of about 176.6◦, and they exhibit an almost orthogonal coordi-
nation mode as evidenced from the corresponding Hg–S–C bond angles 
of about 100◦ (Table 1). The organic ligand HL is flattened as supported 
by the dihedral angles between the least-square planes formed by the 
HgNCCN and HgNNCO five-membered chelate rings, and between the 2- 
Py and 3-Py rings (Table 1). However, the HgNNCO chelate ring is 
remarkably distorted from planarity (Table 1) due to the displacement of 
the carbonyl oxygen atom. 
The most striking finding in the crystal structure of [Hg(HL)(SCN)2] 
is the formation of two types of Hg⋯N spodium bonds (Fig. 4, Table 1). 
These bonds are formed with the 3-Py nitrogen atom of a symmetry 
related molecule in a centrosymmetric fashion, where the metals are 
separated by 8.334(1) Å, and with the nitrogen atom of one thiocyanate 
ligand of another symmetry related molecule, yielding an eight- 
membered [Hg2(SCN)2]2+ structural motif (Fig. 5). This metallocycle 
is in a chair conformation, whereby the two metal cations deviate by 
about 1.52 Å from the least-square plane through the two thiocyanate 
anions, and are separated by 6.337(1) Å. As a result of the Hg⋯N spo-
dium bonds, firstly, the coordination environment of the metal cation 
can be described as a capped trigonal prism close to pentagonal bipyr-
amid with the sulfur atoms at the apices (CShM parameters of 4.000 and 
4.185, respectively) [73]; and, secondly, a 1D zig-zag-like polymeric 
chain is formed along the [101] direction, which is further reinforced by 
bilateral C–H⋯O hydrogen bonds (Table 2). These chains are interlinked 
through the bilateral N–H⋯N hydrogen bonds (Fig. 4, Table 2), formed 
between the amide hydrogen atoms and the nitrogen atoms of the 
remaining thiocyanate anions, and additionaly glued by π⋯π 
interactions between the 2-Py rings (Fig. 4, Table 3). As a result, a 2D 
supramolecular polymeric layer is formed parallel to the crystallo-
graphic (011) plane (Fig. 4). Considering all the Hg⋯N spodium and 
N–H⋯N hydrogen bonds, this 2D layer was simplified using the Top-
osPro software [74], resulting in a binodal 3,4-connected hcb topology 
defined by the point symbol of (42∙63∙8)(42∙6) (Fig. 4). Furthermore, 
the resulting 2D layers are interlinked through π⋯π interactions, formed 
between the five-membered HgNCCN chelate metallocycles and 3-Py 
rings, and between 2-Py and 3-Py rings (Table 3), giving rise to a 3D 
architecture. 
A comparison of the crystal structure of [Hg(HL)(SCN)2] with its 
closest analogues [Hg(HA′′)(SCN)2]2 [44], [Hg(HB′)(SCN)2] [57] and 
[Hg(HC′)(SCN)2] [57] revealed that the supramolecular aggregation of 
[Hg(HA′′)(SCN)2]2 and [Hg(HC′)(SCN)2] is also constructed by Hg⋯N 
spodium bonds but exclusively formed with the nitrogen atoms of the 
terminal thiocyanate anions, yielding to different topologies, while no 
spodium bonds were observed in the structure of [Hg(HB′)(SCN)2]. 
Thus, the structure of the parent organic ligand plays a pivotal role in the 
supramolecular aggreagation of HA, HB and HC with Hg(SCN)2. 
The crystal packing of [Hg(HL)(SCN)2] was further studied by a 
Hirshfeld surface analysis [75], and the obtained set of corresponding 
2D fingerprint plots [76] was generated using CrystalExplorer 17 [77]. 
The enrichment ratios (E) [78] of the intermolecular contacts were also 
calculated to estimate the propensity of two chemical species to be in 
contact. It was found that the Hirshfeld surface of [Hg(HL)(SCN)2], 
calculated over dnorm, contains nine bright and faint red spots, corre-
sponding to donor and acceptor atoms of the mutual H⋯H, H⋯C, H⋯N, 
H⋯O, C⋯C and Hg⋯N intermolecular interactions (Fig. 6). The donor 
and acceptor atoms of these interactions can be evidenced as blue and 
red regions around the participating atoms on the Hirshfeld surface 
mapped over shape index (Fig. 6). Moreover, an expanded flat region is 
clearly observed over one side of the molecule on the Hirshfeld surface 
mapped over curvedness, testifying reasonable π⋯π interactions (Fig. 6). 
It was also established that two main groups of intermolecular con-
tacts occupy the total Hirshfeld surface of [Hg(HL)(SCN)2]. The first 
and the dominant one occupies about 75% of the molecular surface and 
Fig. 2. Simultaneous TG/DSC analyses of [Hg(HL)(SCN)2] performed in a 
dynamic air atmosphere. 
Fig. 3. Molecular structure of [Hg(HL)(SCN)2].  
Table 1 
Selected bond lengths (Å) and angles (◦) in the structure of [Hg(HL)(SCN)2].  
Bond lengthsa 
Hg1–N1 2.574(3) C8–O1 1.233(5) 
Hg1–N2 2.611(3) N2–N3 1.373(4) 
Hg1–O1 2.649(3) C15–N5 1.140(8) 
Hg1–S1 2.4234(16) C16–N6 1.145(8) 
Hg1–S2 2.4100(17) C15–S1 1.664(5) 
Hg1⋯N4#1 2.936(5) C16–S2 1.653(5) 
Hg1⋯N6#2 3.146(6)    
Bond anglesa 
N1–Hg1–N2 61.82(9) O1–Hg1–S2 84.63(10) 
N1–Hg1–O1 119.20(9) O1–Hg1⋯N4#1 71.07(12) 
N1–Hg1–S1 93.61(9) O1–Hg1⋯N6#2 150.31(14) 
N1–Hg1–S2 99.69(9) S1–Hg1–S2 157.45(5) 
N1–Hg1⋯N4#1 169.58(11) S1–Hg1⋯N4#1 84.83(13) 
N1–Hg1⋯N6#2 90.09(14) S1–Hg1⋯N6#2 76.09(15) 
N2–Hg1–O1 59.84(10) S2–Hg1⋯N4#1 78.80(13) 
N2–Hg1–S1 92.84(9) S2–Hg1⋯N6#2 85.71(14) 
N2–Hg1–S2 109.48(9) Hg1–S1–C15 100.54(19) 
N2–Hg1⋯N4#1 128.50(12) Hg1–S2–C16 103.4(2) 
N2–Hg1⋯N6#2 149.41(14) S1–C15–N5 176.3(6) 
O1–Hg1–S1 104.68(11) S2–C16–N6 176.8(6)  
Dihedral anglesb 
HgNCCN⋯HgNNCO 14.32(18) HgNNCO⋯2-Py 18.1(2) 
HgNCCN⋯2-Py 4.0(2) HgNNCO⋯3-Py 20.3(2) 
HgNCCN⋯3-Py 7.3(2) 2-Py⋯3-Py 6.6(3)  
a Symmetry transformations used to generate equivalent atoms: #1 1 − x, 1 −
y, 1 − z; #2 2 − x, − y, 2 − z. 
b Dihedral angles between the least-square planes formed by the indicated 
rings within the ligand HL. 
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consists of the H⋯H, H⋯C, H⋯N and H⋯S contacts accounting for 
15.9–22.3% (Table 4). The second group of contacts occupies 22% of the 
Hirshfeld surface and consists of the H⋯O, C⋯C, C⋯N, N⋯S and Hg⋯N 
contacts accounting for 2.8–6.3% (Table 4). Remaining observed con-
tacts, viz. C⋯S, N⋯N, N⋯O and Hg⋯H, are very negligible and occupy 
less than 3% of the molecular surface (Table 4). The shorter H⋯N and 
H⋯O contacts are shown in the corresponding 2D fingerprint plots at de 
+ di ≈ 2.2 and 2.4 Å, respectively, and are indicated as a pair of sharp 
Fig. 4. (top) The 2D supramolecular 
polymeric layer in the crystal structure 
of [Hg(HL)(SCN)2], built by the Hg⋯N 
spodium bonds, N–H⋯N hydrogen 
bonds and π⋯π interactions (H-atoms, 
except those inolved in N–H⋯N 
hydrogen bonds, were omitted for 
clarity). Color codes: H = black, C =
gold, N = blue, O = red, S = yellow, Hg 
= magenta; Hg⋯N spodium bond =
dashed cyan line, N–H⋯N hydrogen 
bond = dashed yellow line, π⋯π inter-
action = dashed grey line. (bottom) A 
simplified network of [Hg(HL)(SCN)2], 
considering the Hg⋯N spodium and 
N–H⋯N hydrogen bonds, with the 
binodal 3,4-connected hcb topology 
defined by the point symbol of (42⋅63⋅8) 
(42⋅6). Color code: Hg = magenta, HL =
blue. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   
Fig. 5. The eight-membered [Hg2(SCN)2]2+ motif, adopting a chair conformation, formed by means of two Hg⋯N spodium bonds in the crystal structure of [Hg 
(HL)(SCN)2]. 
Table 2 
Hydrogen bond lengths (Å) and angles (◦) for [Hg(HL)(SCN)2]. a  
D–X⋯A d(D–X) d(X⋯A) d(D⋯A) ∠(DXA) 
N3–H3⋯N5#1  0.86  2.32 3.083(9) 147 
C13–H13⋯O1#2  0.93  2.47 3.145(7) 130  
a Symmetry transformations used to generate equivalent atoms: #1 1 − x, − y, 
1 − z; #2 1 − x, 1 − y, 1 − z. 
Table 3 
π⋯π interaction lengths (Å) and angles (◦) for [Hg(HL)(SCN)2]. a,b  
Cg(I)⋯Cg(J) d[Cg(I)⋯Cg(J)] α β γ slippage 
HgNCCN⋯3-Py#1 4.028(3) 7.3(2)  29.2  36.1  1.965 
3-Py⋯ HgNCCN#1 4.027(3) 7.3(2)  36.1  29.2  2.372 
2-Py⋯ 2-Py#2 3.933(2) 0.0(2)  33.0  33.0  2.145 
2-Py⋯ 3-Py#1 3.752(3) 6.6(3)  22.4  28.6  1.429 
3-Py⋯ 2-Py#1 3.751(3) 6.6(3)  28.6  22.4  1.795  
a Cg(I)⋯Cg(J): distance between ring centroids; α: dihedral angle between 
planes Cg(I) and Cg(J); β: angle Cg(I) → Cg(J) vector and normal to plane I; γ: 
angle Cg(I) → Cg(J) vector and normal to plane J; slippage: distance between Cg 
(I) and perpendicular projection of Cg(J) on ring I. 
b Symmetry transformations used to generate equivalent atoms: #1 2 − x, − y, 
1 − z; #2 2 − x, − 1 − y, 2 − z. 
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spikes or horns (Table 4) due to the formation of intermolecular N–H⋯N 
and C–H⋯O hydrogen bonds (Table 2). Furthermore, the C⋯C contacts 
are shown in the fingerprint plot as the characteristic area on the di-
agonal at de = di ≈ 1.7–2.2 Å (Table 4) and correspond to π⋯π in-
teractions. Notably, the Hg⋯N contacts are also shown in the 2D 
fingerprint plot as a pair of sharp spikes with the shorter de + di ≈ 2.9 Å 
(Table 4), indicating the formation of Hg⋯N spodium bonds (Table 1). 
The intermolecular H⋯C, H⋯N, H⋯O, H⋯S and C⋯C contacts are 
highly favoured in the molecular surface [Hg(HL)(SCN)2] since the 
corresponding enrichment ratios EHH/HN/HO/HS and ECC are larger than 
unity (Table 4), while the N⋯S contacts are less favoured as evidenced 
from the corresponding ENS value of 0.87. Remaining contacts are 
significantly impoverished as evidenced from the corresponding 
enrichment ratios (Table 4). 
Finally, a DFT theoretical study has been carried out to study the 
Hg⋯N spodium bonding interactions (Fig. 4) that are responsible for the 
formation of the 2D supramolecular polymeric layer. As starting point, 
the molecular electrostatic potential (MEP) surface of [Hg(HL)(SCN)2] 
has been computed (Fig. 7). It shows that the minimum MEP value (most 
negative) is located at the nitrogen atom of the thiocyanate ligand (–44 
kcal/mol). The most positive ones at the aromatic hydrogen atoms, 
(+31 kcal/mol). The MEP value at the non-coordinated pyridinic ni-
trogen atom of the ligand HL is also large and negative (–31 kcal/mol). 
The MEP surface also reveals that the electron distribution at the Hg(II) 
ion is anisotropic with the existence of a σ-hole (a local MEP maximum) 
of + 20 kcal/mol that is located opposite to the most electronegative 
oxygen atom (the Hg–O bond is the most polarized). The MEP surface 
analysis confirms the suitability of Hg(II) for interacting with electron 
rich atoms, as observed in the solid state of [Hg(HL)(SCN)2]. 
We have also computed two dimers of [Hg(HL)(SCN)2] to study the 
energetic features of both types of spodium bonds present in the solid 
state (one with SCN ligand as electron donor, DIMER-I, and the other 
with the nitrogen atom of pyridine as Lewis base, DIMER-II). We have 
used both the quantum theory of atoms in molecules (QTAIM) and 
noncovalent interaction plot (NCIPlot) computational tools since it has 
been recently proved their suitability to characterize spodium bonds 
efficiently [30]. The distribution of critical points and bond paths of 
DIMER-I (Fig. 8) reveals the presence of two symmetrically equivalent 
bond critical points (labelled as red spheres) and bond paths (dashed 
lines) that interconnect the Hg(II) ions to the nitrogen atoms of the 
pyridine rings, thus confirming the existence of the spodium bonds. 
Moreover, the QTAIM analysis shows that there are two symmetrically 
equivalent C–H⋯O hydrogen bonds that further stabilize the assembly 
(see critical points labelled as “a”). Each hydrogen bond is characterized 
by a bond critical point and bond path connecting the pyridinic C–H 
bond with the coordinated oxygen atom of HL. Such combination of 
interactions (two hydrogen bonds and two spodium bonds) justify the 
large dimerization energy of –11.5 kcal/mol. The existence of both in-
teractions is also confirmed by the NCIplot surface analysis. The spo-
dium bonds are characterized by blue isosurfaces located between the 
Hg(II)- and N-atoms indicating moderately strong interaction. The 
hydrogen bonds are characterized by green and smaller isosurfaces 
located between the H- and O-atoms thus revealing weaker interaction. 
In the inversion center of the dimer, both the QTAIM and NCIplot 
methods reveal the existence of a weak C–H⋯H–C interaction (see 
critical point labelled as “b”). 
In the other dimer DIMER-II the spodium bonds are characterized by 
the corresponding bond critical points connecting the Hg(II) atoms to 
the nitrogen atoms of the SCN ligand and the NCIplot isosurfaces located 
between both interacting atoms (Fig. 8). This dimer presents larger 
Fig. 6. Molecular Hirshfeld surfaces of [Hg(HL)(SCN)2] (top, middle, bottom denote normalized distance dnorm, shape index and curvedness, respectively). Right 
column views are figures 180◦ rotated of those in left column. 
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binding energy (–14.1 kcal/mol) because the MEP value at the nitrogen 
atom of the thiocyanate ligands is more negative than that at the pyri-
dine nitrogen atom. Moreover, in this dimer the nitrogen atom points 
directly to the σ-hole (opposite to the Hg–O bond). DIMER-II also pre-
sents two equivalent C–H⋯SCN contacts characterized by a bond critical 
point (see critical point labelled as “c” in Fig. 8) that connects the 
hydrogen atom to the central carbon atom of the thiocynanate thus also 
contributing to the stabilization of the dimer. 
In order to evaluate the contribution of the hydrogen bonds and their 
relative importance in the stabilization of DIMER-I and DIMER-II, we 
have calculated their individual energy by using the kinetic energy 
density (Vr) predictor, as proposed in the literature [79]. The Vr value at 
critical point “a” (DIMER-I) is –0.0055 a.u. and, consequently, the 
hydrogen bond energy using the EHB = 0.5 × Vr formula is –1.73 kcal/ 
mol. Therefore, the total contribution of the hydrogen bonds to DIMER-I 
is approximately –3.45 kcal/mol that is significantly smaller than the 
spodium bonding energy, which is –8.04 kcal/mol (–4.02 kcal/mol each 
spodium bond). The Vr value at critical point “c” (DIMER-II) is –0.0019 
a.u. and, consequently, the energy associated to each C–H⋯SCN contact 
is only –0.60 kcal/mol. Therefore, the total contribution of the hydrogen 
bonds to the formation of DIMER-II is –1.20 kcal/mol, which is insig-
nificant compared to the spodium bonding energy, which is –12.9 kcal/ 
mol (–6.5 kcal/mol each spodium bond). These values agree well with 
the recently reported energetic features of spodium bonds [80]. 
4. Conclusions 
In summary, we have designed and fully characterized a new Hg(II) 
coordination compound [Hg(HL)(SCN)2], obtained from a mixture of 
Hg(SCN)2 and bis-pyridyl organic ligand N’-(1-(pyridin-2-yl)ethylidene) 
Table 4 
(top) 2D and decomposed 2D fingerprint plots of observed contacts and (bottom) Hirshfeld contact surfaces and derived “random contacts” and “enrichment ratios” for 
[Hg(HL)(SCN)2].  
H C N O S Hg 
Contacts (C, %)a 
H  15.9  –  –  –  –  – 
C  19.1  6.3  –  –  –  – 
N  22.3  2.8  0.8  –  –  – 
O  6.1  0.0  0.5  0.0  –  – 
S  17.9  1.1  3.3  0.0  0.0  – 
Hg  0.4  0.0  3.5  0.0  0.0  0.0  
Surface (S, %)   
48.8  17.8  17.0  3.3  11.2  2.0  
Random contacts (R, %) 
H  23.8  –  –  –  –  – 
C  17.4  3.2  –  –  –  – 
N  16.6  6.1  2.9  –  –  – 
O  3.2  1.2  1.1  0.1  –  – 
S  10.9  4.0  3.8  0.7  1.3  – 
Hg  2.0  0.7  0.7  0.1  0.4  0.0  
Enrichment (E)b 
H  0.67  –  –  –  –  – 
C  1.10  1.97  –  –  –  – 
N  1.34  0.46  0.28  –  –  – 
O  1.91  0.00  0.45  –  –  – 
S  1.64  0.28  0.87  –   – 
Hg  0.20  –  –  –  –  –  
a Values are obtained from CrystalExplorer 17 [77]. 
b The “enrichment ratios” were not computed when the “random contacts” were lower than 0.9%, as they are not meaningful [78]. 
Fig. 7. MEP surface (isosurface 0.001 a.u.) of [Hg(HL)(SCN)2] at the PBE0- 
D3/def2-TZVP level of theory. 
G. Mahmoudi et al.                                                                                                                                                                                                                             
Inorganica Chimica Acta 519 (2021) 120279
8
nicotinohydrazide (HL) in MeOH. The complex melts at 187 ◦C and the 
decomposition occurs in three gradual steps, of which the first one 
corresponds to the loss of HL. 
The X-ray diffraction analysis shows the metal cation coordinated by 
the N,N’,O donors of the pincer type chelating HL and by the sulfur 
donor of two thiocyanate anions, yielding a pentacoordinated geometry 
in between a square pyramidal and a trigonal bipyramidal structure. 
Furthermore, the crystal structure of [Hg(HL)(SCN)2] evidenced the 
formation of two types of Hg⋯N spodium bonds formed with the ni-
trogen atoms of the 3-Py and SCN ligand of other symmetry related 
units. These Hg⋯N spodium bonds enlarge the coordination environ-
ment of Hg(II) to a highly distorted pentagonal bipyramid and form a 1D 
zig-zag-like polymeric chain. By considering all the Hg⋯N spodium and 
N–H⋯N hydrogen bonds, besides π⋯π interactions involving pyridine 
rings, a supramolecular 2D layer is formed with a binodal 3,4-connected 
hcb topology. According to the Hirshfeld surface analysis, the crystal 
packing of [Hg(HL)(SCN)2] is mainly characterized by intermolecular 
H⋯H, H⋯C, H⋯N and H⋯S contacts, followed by less important H⋯O, 
C⋯C, C⋯N, N⋯S and Hg⋯N contacts. In conclusion we have conceived 
the crucial role of the Hg(II)-derived spodium bonds on the supramo-
lecular crystal packing of complex [Hg(HL)(SCN)2], and of their 
dominant role in the formation of an extended structure, which has been 
confirmed by DFT calculations and a combination of QTAIM and NCI-
Plot study. This energetic analysis evidences a crucial role of spodium 
bonding interactions in the formation of the 2D supramolecular polymer 
in [Hg(HL)(SCN)2]. We hope that our findings might be of value for 
researchers when screening an appropriate combination of principal and 
auxiliary ligands in the design of new metal-organic extended structures. 
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